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1?1? ??
1.1 ????
2015???????????????????????????? LAN (local
area network)??????????????????????????????
????????????????????????????????????
?????????????????
??LAN?????? IEEE (The Institute of Electrical and Electronics Engineers,
Inc.)???????????????????????????????????
?????802.11?????? 2Mbps (bit per secoond)????????????
??802.11a/g?? [1]??OFDM (orthogonal frequency division multiplexing)??
?????? 54Mbps???????????????802.11n?? [2]?????
???????? 4???????????MIMO (multiple input multiple output)
???????????? 600Mbps??????????????2014????
??? 802.11ac?? [3]?????????? 8?????????? 160MHz
???? 256QAM (quadrature amplitude modulation)?????? 6.93Gbps???
????????????
802.11n????????????????????????MIMO????
?????????????????????802.11ac???? 1Gbps?????
????????????????MIMO?????????????????
???????? (SDM: space division multiplexing)?????????????
????????????????????? LAN?????????????
??????????????????????????MIMO???????
??? [4]?
????MIMO????????????????? 2???????????
1??????????MIMO????????????????????MIMO
????????????????????????????????????
??????????????????????????? (ICI: inter channel
interference)???????????????????????????????
?????????????????????????????????MIMO
????????????????????????????????????
?????????????????????MIMO????????????
1.1. ???? 2
????????????????????????MIMO?????????
????????????????????
2????????????????????????????????????
?????????????? (???????)??????????????
(TDMA: time division multiple accesses)?????802.11ac?????? 8???
???????? 88MIMO???????????????????????
???????????????????? (8?????)??????????
?????????????????????????????????????
??????????????????? (? 1.1(a))?????????????
?????????????????????? 8?????????????
????????????????????????????????????
???????????????MIMO???????????????????
???? 1??? 2????????????????????????????
???????????? (? 1.1(b))?1? 1?????? SU(single user)-MIMO
????????????????????1????????????????
???? 8?????? 1????????????????????????
?????????????????????? 1/8???????????
?????????????????????????????????? (?
?????????)???????????????????????????
??DL(down link)-MU(multi user)-MIMO?????????DL-MU-MIMO??
?????????????????????????????????????
?????????????????????????????????????
????? (SDMA: space division multiple accesses)?????????????
?????????????????????? SDMA????DL-MU-MIMO
?????????????????????????????????????
?????????????????????????? SU-MIMO??? (??
????????????????)????????????? (? 1.1(c))??
???????????????????DL-MU-MIMO???????????
??MU-MIMO????????????????????????????
IUI (inter user interference)??????????????????????MU-
MIMO???????????????????????MU-MIMO??????
????????????????????????????????????
?????????????????????????????????????
??????????????????????
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…
STA 1
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STA 2
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STA 3
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STA 4
…
AP ↔ STA 1 AP ↔ STA 2 AP ↔ STA 3 AP ↔ STA 4
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(a) APとSTAが同じストリーム数のときのSU-MIMO通信
(b) APとSTAが異なるストリーム数のときのSU-MIMO通信
(c) APとSTAが異なるストリーム数のときのDL-MU-MIMO通信
AP  STA 1
AP  STA 2
AP  STA 3
AP  STA 4
AP  STA 1
AP  STA 2
AP  STA 3
AP  STA 4
AP  STA 1
AP  STA 2
AP  STA 3
AP  STA 4
AP  STA 1
? 1.1: TDMA???? SU-MIMO???DL-MU-MIMO??
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??????????? SU-MIMO????? 1?????????????
?????????MU-MIMO??????????????????????
???????????????????SU-MIMO????????????
????MIMO??????MU-MIMO??????????????????
MU-MIMO?????????????????????????
????????????????????????????????????
??????????? (AISC: application specific integrated circuit)???ASIC
?????????????? (ASIP: application specific instruction-set processor)
???ASIP?????????? (GPP: general purpose processor)???GPP?
? (????????)????? 1.2?????????????
??????????????? s????????????????????
GPP??????????????????????ASIC??????????
???????????????????????ASIC???????????
??????????????????????????????????ASIC
??????? (???)??????????????ASIC?????????
???????????????
????????? GPP? ASIC??????????? ASIP??????
ASIP?????????????ASIP??????????????????
????????ASIC??????????????????? GPP????
?? (programmability)???????????????????ASIP?????
??????????
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処理能力
柔
軟
性
ASIC
特定用途向き集積回路
GPP
汎用プロセッサ
ASIP
特定用途向きプロセッサ
? 1.2: ASIC?ASIP????GPP???
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1.2 ????
?????????? LAN???????? 802.11ac???????MIMO
?????????????MIMO?????MU-MIMO?????????
????????????????????????MIMO???????/??
?????????? Ntx?Nrx????Ntx  Nrx MIMO?????????44
MIMO???????MIMO??????????MIMO??????????
?????????????MIMO???????????????????
????????????????????????MIMO?????????
??????????????????MIMO???????????????
????????????MIMO???????????MIMO???????
??????????MLD (maximum likelihood detection)??????????
??????? [8–10]?????MLD???????????????????
?????????????????MIMO????????????????
?????????MLD??????????????????????MLD
???????????????????????????????MLD???
?????????????????????????????????????
?? [12]?????????????????????????????? [15]
? 2??????????????MIMO?????????????????
????????????????????????????????????
????????????????????????????????????
?MIMO??????????
???????MU-MIMO????????MU-MIMO??????????
????????????????????????????????MU-MIMO
?????????MU-MIMO??????????????????????
????????? IUI??????????????????????????
?????????????????????????????????????
???????????????????802.11ac?CSI(channel state information)
??????????????????????MU-MIMO?????????
?????????????????MU-MIMO??????????????
???????????????????????????????????
???????????????? LSI (large scale integration)???????
?????????????????? ASIP (application specific instruction-set
processor)???????????????????????????????
???
1.3. ?????? 7
1.3 ??????
?????? 6??????????? 1.3????????????
???????????????????????????????
? 2????MIMO???????????????????????????
??MIMO?????????????????MIMO???????????
??????????????MIMO?????? LRA-MMSE (lattice reduction
aided - linear minimum mean square error)?MLD???????????????
????????MIMO????????????????MU-MIMO????
?????????????MU-MIMO??????????????????
??????????????MU-MIMO?????????????QR??
???????????? (BD-QRD: block diagonalization - QR decomposition)?
?? IBD (iterative block daigonalization)????????????MU-MIMO?
????????????????
? 3??????MIMO????????????????????????
???????????????????????BER (bit error rate)?PER (packet
error rate)????????????????????????????????
????????
? 4????MU-MIMO????????????????????????
?????????????????????BER?????????????
???????????????????????????
? 5????????????????????????????????
ASIP???????IEEE802.11ac??????? CSI(channel state information)
????????????????????????????????????
??????????
? 6???????????????
1.3. ?????? 8
第1章 序論
第2章 MIMOシステムモデルと従来手法の概要
第3章 提案MIMOデコーダと
特性評価
第4章 提案プリコーディング
手法と特性評価
第6章 結論
第5章 行列演算に特化した
ASIPパイプラインの提案
? 1.3: ???????
1.4. ???????? 9
1.4 ????????
Ntx : ???????
Ntx;k : ?????? MIMO???? k???????????????
Nrx : ???????
Nrx;k : ?????? MIMO???? k??????????????
y : Nrx  1????????
H : Nrx  Ntx?????
x : Ntx  1????????
n : Nrx  1???????????????
2nINrx : Nrx  Nrx????? INrx?????????2n
hi j : ? j???????????? i????????????????
T : ??? jTj? 1???????????
´H : LatticeReduction?????????
z : ???????? ´H??????????
H+ : MMSE????
zˆ : ???????? ´H??????????? MMS E???
zrep : ???????? ´H??????????????
xrep : zrep??????????????
W : ??????????? (16   QAM??W = 16)
 : ????????????
 : ???????????????
p : ?????????????????????
q : ????????????????????????
M : M?M?? Lattice Reduction???????
round() : ??????????
Q : ?????H?QR???????????Q
Qb : ???????Q?????????????
Qn : ???????Q???????????????
R : ?????H?QR?????????R
1.4. ???????? 10
hc : ?????H? c????????
gk : ?????????? k???????
G(n) : ???? gk???????????
Gmax : ???????G(n)?????????????????????
Ncomb : ?????????? 1????????? gk???
Ng : ???? gk??????????? hc??
G : ???????G(n)??????? gk??? (1  k  G)
ACB : A??? B?????????
C : MIMO?????
K : MU   MIMO??????????????
NS () : ???????????
AH : ??A????????
A : ??A?????
det(A) : ??A????
H = UVH : ?????H??????
U : ?????????????????
 : ???????????????
V : ?????????????????
Vbasis : ???????V?????????????
Vnull : ???????V???????????????
11
?2? MIMO??????????
?????
2.1 ????
????????? (SDM: space devision multiplexing)???????????
??????????????????????????MIMO (multiple input
multiple output)???????????
MIMO????????????????????????????????
??????????????????????????????? (ICI: inter
channel interference)???????????????????????????
????????????????????????????????????
?MIMO????????????????????????????????
?????
??MIMO???????????????????????????MIMO
?????????????????MIMO????LRA-MMSE (lattice reduction
aided - minimum mean square error) [5], [6]?MLD (maximum likelihood detection)
????MIMO?????????????????????????????
????????? [7]?
MLD??????????? SD (sphere decoder) [8], [9]?K-best?????
? [10]??????? (group detection: GD)??????????????SD?
K-best?MLD??????????????????????????????
????????????????MIMO????????MIMO??????
??MIMO?????MIMO???????????????????????
?????????CDMA (code division multiple access)???????????
?????????? [11]?
????????MIMO????????????????????????
? [12]- [15]???????????????????????????????
?????????????????????????????????????
????????????????????
????MIMO????????????????????????????
(???????)?????????????? (TDMA: time division multiple
2.1. ???? 12
accesses)????????????????????????????????
????????????????????????????????????
???????????????????????????????
????????????????????????????????????
MIMO?????????????????????????????????
?????????????MIMO????????????????????
??? 1??? 2?????????????????????????????
????????????1? 1?????? SU(single user)-MIMO?????
???????????????1?????????????????????
?????????????????????????????????
?????????????????????????????????? (?
?????????)???????????????????????????
??DL(down link)-MU(multi user)-MIMO?????????DL-MU-MIMO??
?????????????????????????????????????
?????????????????????????????????????
????? (SDMA: space division multiple accesses)?????????????
?????????????????????? SDMA????DL-MU-MIMO
????????????????????????????????????
??????????????????????????? SU-MIMO??? (?
?????????????????)???????????????????
???????????????DL-MU-MIMO???????????
????DL-MU-MIMO?????????? (IUI: inter-user interference)??
???????????????MU-MIMO????????????????
MU-MIMO???????????????????????????????
802.11ac????????????????????????????????
ZF (zero-forcing) [19]??? MMSE (minimum mean square error) [20]?????
????? (STA: station)?????????????????????????
?????????????????????????????????????
????BD (block diagonalization) [21]????????????????.
??? BD??????????????????????????????
(SVD: singular value decomposition)?????????????????????
?????????????????? BD?????????? (BD-SVD)?
?????????????????????????????????QR??
(QRD: QR decomposition)??????????????????? (BD-QRD)?
????? [22]?????BD-QRD????????????????????
?????????????????????????????????BD-SVD
??? BD-QRD????MU-MIMO???????????????????
???
2.1. ???? 13
???????????????????IBD (iterative BD)?????????
??????? [23]?IBD???????????????? (CSI: channel state
information)???????????????????????????????
????????????IBD???BD-QRD???????????????
?????
??????????MIMO??????????MIMO?????????
????????MIMO??????????MIMO????????????
????????????????MU-MIMO????????????????
????????????????MU-MIMO????????????????
?????? BD-QRD??? IBD???????????????
2.2. ??MIMO??????? 14
2.2 ??MIMO???????
???????MIMO?????????????????????????
?????????? Ntx????????? Nrx?? Ntx  Nrx MIMO????
?????????????????????????????? Nss?????
??? Ntx????????????
Ntx  Nrx MIMO????? Nrx  1???????? y??Nrx  Ntx ?????
H?Ntx  1???????? x?Nrx  1?????? n????? (2.1)????
???????? n?????????????? (additive white Gaussian noise:
AWGN)????????????? 0???????2nINrx ???????
y = Hx + n (2.1)
????Nrx  Ntx ????? H?? (2.2)???????
H =
2666666666666666664
h1;1 h1;2    h1;Ntx
h2;1 h2;2    h2;Ntx
:::
:::
: : :
:::
hNrx;1 hNrx;2    hNrx;Ntx
3777777777777777775 (2.2)
?????H?????? hi; j?? j???????????? i???????
????????????? (channel response)????
E[xxH] = 2xINtx (2.3)
???????? x???????? (2.3)?????????????????
? x??????2x = 1????
? 2.1???MIMO??????????????????????????
????????????? (convolutional encoder)??????(puncture)??
??????????????????????? (interleaver)????????
??????????????? (constellation mapper)?QPSK(quadrature phase
shift keying)? 16-QAM??????????????????? (IFFT: inverse
fast furrier transfer)????????????????????????????
??????? (GI: gard interval)?????????? (TX filter)???RF(radio
frequency)????????????????????????????
????????????????? (RX filter)??????????????
???????????????? (FFT)?????????????????
?????????MIMO????????????????????????
????? (subcarrire demodulation)??????????(de-puncture)????
?? (Viterbi decoder)??????????????????
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2.3 LRA-MMSE
???????MIMO??????LRA-MMSE?????????LRA-MMSE
???MIMO????????MLD?????????????MMSE???
????????????????????MIMO?????? LRA-MMSE?
??????????????????MIMO??????????????
? 2.2? LRA-MMSE?????????LRA-MMSE???????????
???? Lattice Reduction??????????H?????? ´H = HT???
???????????? ´H = HT??????????????MMSE???
?????????????MIMO????????????????? (2.1)?
????????????? y??????? ´H? z = T 1x????? (2.4)??
?????????T? jTj = 1??????????????????????
??????????????
y = (HT)(T 1x) + n (2.4)
= ´Hz + n
LRA-MMSE??? (2.4)??????????? ´H???? z?MMSE???
??MMSE???????????H+?? (2.5)????
H+ = ( ´HH ´H + nINrx) 1 ´HH (2.5)
?????H+?? (2.4)????? y????????? z?????????
zˆ??????????? zˆ???????????? (???)??? zrep???
??????????? ´H???? z? z = T 1x???????LRA-MMSE?
????? xrep??? zrep? Lattice Reduction???? T??????????
? (2.6)?(2.9)??? zˆ??? zrep??? xrep????
zˆ = H+y = z +H+w (2.6)
zrep = 
&
zˆ   T 11M

%
+ T 11M (2.7)
 =
r
6
W   1 ;  = =2 (2.8)
srep = Tzrep (2.9)
???   ??????????????W ????????? 16QAM???
W=16??????????????????1M???????? 1+ j1???
M  1?????????????
MMSE??????????????????H???????????? x
???????????LRA-MMSE??????????????? ´H???
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? 2.2: LRA-MMSE?????
?? z????????????????? ´H?????????H+?????
????????????????????????????
?? Lattice Reduction????? LLL(Lenstra Lenstra Lovasz) [5]??????
?????????N  M?? ´H???? LLL??????? Algorithm1??
????????????Gram-shumit??????????????
LLL????????????????? Algorithm1?? 3???????
round?? (?????????)???????????? round??????
Algorithm1?? 4???????????????????????? 2.3???
?? h2????? h1???????????????????????????
hH1 h2=hH1 h1????????????????? h1?????????????
??????????????? h2;PO????
????????????????????Algorithm1?? 9???????
???????????????? p?? p-1?????????? p?? p   1
???????????????????????? M??????????
???????????????????????????????????
?????????????? ´H?????????????T???????
???
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Algorithm 1 LLL Algorithm
1: while p  M do
2: for q = p   1 down to 1 do
3: (p; q) = round

´H(:;q)H ´H(:;p)
´H(:;q)H ´H(:;q)

4: ´H(:; p) = ´H(:; p)   (p; q) ´H(:; q)
5: T(:; p) = T(:; p)   (p; q)T(:; q)
6: end for
7: powerp 1 = ´H(:; p   1)H ´H(:; p   1)
8: powerp = ´H(:; p)H ´H(:; p)
9: if   powerp 1  powerp then
10: p = p + 1
11: else
12: Swap columns ´H(:; p) , ´H(:; p   1)
13: Swap columns T(:; p) , T(:; p   1)
14: p = max(p   1; 2)
15: end if
16: end while
h
1
h
2
h
2, PO
h
2, O








11
21
hh
hh
H
H
round
11
21
hh
hh
H
H
1
11
21
2O,2
h
hh
hh
hh
H
H
−=
Pseudo Orthogonal Vector
1
11
21
2PO,2
h
hh
hh
hh








−=
H
H
round
Orthogonal Vector
? 2.3: ???????????????
2.4. ?????? (MLD) 19
2.4 ?????? (MLD)
?????????????????MIMO?????? QR?? (QRD: QR
decomposition)??????????? (QRD-MLD)?????????MIMO?
????H?QR????????????Q??????R????????
????
H = QR (2.10)
? (2.10)???????????Q?????????????? xˆ?? (2.11)
????????????
xˆ = arg min
x2


k QHy   QHHx k

(2.11)
????
?WNtx ????????????????W???????????
(16-QAM??W=16)?QRD-MLD????WNtx???????????????
??????????????? xˆ???????????????
????????????????????????QRD-MLD??????
(LLR: log likelihood detection)???????????
QRD-MLD????????????? x = [x1; x2; : : : ; x j; : : : ; xNtx]T ?? j??
?????????????????? x j?? l bit?? LLR????????
(max-log approximation, [17]? 11.7.3???)?????? (2.12)???????
LLR(x j;ljy) = ln p(x j;l = 1jy)p(x j;l = 0jy)
 min
x2S j,l
D(x)   min
x2S+j,l
D(x) (2.12)
????S+j,l?S j,l????????
???? j???????????????
????? x j?? l bit?? 1??? 0???????????????????
D(x)? D(x) =k QHy   QHHx k????
IEEE802.11a/n/ac?????? QRD-MLD????????? (2.12)????
LLR???????????????????Ntx??????????????
? S+j,l?S j,l????
??????????????? 44 MIMO? 88 MIMO?
???????W = 16??????????88 MIMO? 44 MIMO? 65,536
?????????????????????????MIMO????????
QRD-MLD??????????
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2.5 ????????
?????2??????????????????????????????
??MIMO????????MIMO????????????????MIMO
??????????????????MIMO?? (???????)?????
?????????MIMO????????????????????????
????? 1 [12]????????????????????????????
??????? 2 [15]??????????????????????????
????????
2.5.1 ?????????? 1
? (2.2)?????? Nrx  Ntx?????H??Nrx  1???????? hc?
??????????????????? c??????????????
H =
h
h1 h2    hc    hNtx
i
(2.13)
?????H = fh1;h2;    ; hc;    ;hNtxg??????
???Ntx???????????? Ng????? Nrx  Ng??? gk????
? gk????????????? gk 2 fh1;h2;    ; hNtxg????? (?? gk???
H?????)??????? k? k????????????????????
?? NtxCNg ???????? (1  k  NtxCNg)????????? gk??????
???????????gk  H?gk , gq (k , q). ?????????? k? q??
????????
? k??????? gk??????????????? ˆHk?????? gk?
??????????? Nrx  (Ntx   Ng)???????? ˆHk?????????
???? ˆHk?????????
ˆHk = H \ gk (2.14)
Nrx  (Ntx   Ng)???? ˆHk?QR?????? (2.15)????? Nrx  Nrx???
???? Qk ? Nrx  (Ntx   Ng)????? Rk ???????
ˆHk = QkRk =
h
Qbk Qnk
i
Rk (2.15)
????? Qbk ??????????? Nrx  (Ntx   Ng)???????? Qnk ??
??????????? Nrx  Ng???????????????? 1????
Qnk ???????????????Wk = Qnk????
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??????????Wk????????? y??????????????
?????????????? (2.16)?????????
WHk y = WkHx +Wkn
= Qnk Hgkxgk +Wkn (2.16)
??? xgk ????????? x????? gk???????????????
?????????? Ng  Ng???Qnk Hgk?????MIMO????????
???????? 1?????????????????? NtxCNg ??????
gk???????????????????????LLR???????LLR?
????????? [12]?
?????????? 1? 44 MIMO?????????Ng = 3??? 4C3 = 4
??Ng = 2??? 4C2 = 6??????????????????????? 88
MIMO?????? Ng = 4??? 8C4 = 70??Ng = 5??? 8C5 = 56???
??????????????????MIMO???????????????
?????????
????Ntx = 4; Ng = 3?????????????? 1??????????
? 2.4?????????????? 1? Ntx = 4; Ng = 3?????????H?
g1?? g4? 4??????????????????????????? (2.16)
??????????Qnk Hgk???MIMO??????
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2.5.2 ?????????? 2
?????????? 1???MIMO??????????????????
?????????????????????????????????? 2?
????????????????????????????????????
????????????
?????????? 2????????H?Ng = Ntx=2??? 2??????
g1; g2????2????????????????G(n) = fg1; g2g (1  n  Pmax)
??????????????????? Pmax???????
Pmax =
NtxCNg
2!
(2.17)
? (2.14)?(2.15)????????????????G(n)??????????
????WG(n) = [Qn1;Qn2]????????????????WG(n)??????
??? y???????????????????????????? (2.18)?
????????
WHG(n)y = WG(n)Hx +WG(n)n
=
266664 Qn1Hg1 OO Qn2Hg2
377775 266664 xg1
xg2
377775 +WG(n)n (2.18)
??? xgk ????????? x????? gk??????????????
????????MIMO?????????? C?? (2.20)?????? [18]?
C = log2 det
 
INrx +
1
2n
HHH
!
(2.19)
=
NrxX
i=1
log2
 
1 +
i
2n
!
(2.20)
???? INrx ? Nrx Nrx?????2n??????i? i?????HHH???
?????????MIMO??????????????G(n)? k??????
? gk?????? CGD;k ?? (2.21)???????
CGD;k = log2 det
 
INg +
1
2n
HGD;kHHGD;k
!
(2.21)
??????HGD;k?HGD;k = Qnk Hgk????n????????G(n) (1 n  Pmax)
????????????? gk(1 k  2)?????????????MIMO?
2.5. ???????? 24
???? CGD (G(n))?? (2.22)????
CGD (G(n)) =
2X
k=1
CGD;k
=
2X
k=1
log2 det
 
INg +
1
2n
HGD;kHHGD;k
!
(2.22)
??????????2??? (2.22)???????MIMO????? CGD (G(n))
???? Pmax???????????G(n) (1 n  Pmax)??????????
????????????????????Gmax??????????????
?? 2????????? Gmax ?????????????????????
MIMO????????????????????
???? Ntx = 4; Ng = 2?????????????? 2?????????
?? 2.5?????????????? 2? Ntx = 4; Ng = 2?????????H
?G(1)??G(3)? 3???????????????????????????
?????? (2.22)?????????????G(1)??G(3)? 3??????
????????????????????????Gmax??????????
???
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2.6 MU-MIMO???????
?????MU-MIMO????????????????Ntx  Nrx MU-MIMO
???????????????????????????????????Ntx?
Nrx??????k??????? Nrx;k  1???????? yk (Nrx =
PK
k=1 Nrx;k)?
Nrx;k  Ntx?????Hk, Ntx;k  1???????? xk (Ntx = PKk=1 Ntx;k), Nrx;k  1
?????? nk?????????. ??? K?MU-MIMO?????????
??????????????? nk? AWGN (additive white Gaussian noise)??
?????? 0???????2nI????????????????? y???
??????
y =
2666666666666666664
y1
y2
:::
yK
3777777777777777775 =
2666666666666666664
H1
H2
:::
HK
3777777777777777775
2666666666666666664
x1
x2
:::
xK
3777777777777777775 +
2666666666666666664
n1
n2
:::
nK
3777777777777777775 (2.23)
802.11ac??????MU-MIMO?????????????????? y?
??????????W????? (2.24)????????
y = HWx + n (2.24)
????MU-MIMO????????????W? k???????????
?Wk (1  k  K)?????
W =
h
W1 W2    WK
i
(2.25)
????k??????????????? yk?? (2.26)???????
yk = HkWx + nk
= HkWkxk +
KX
m=1;(m,k)
HkWmxm + nk (2.26)
???HkWmxm?????????????????????????????
???MU-MIMO????????????????Wm??????????
??????????????
? 2.6?MU-MIMO??????????????????????MU-MIMO
??????????????? k????????????????????
???????Ntx;k???????????????????Ntx???????
??????Ntx;k????????????MU-MIMO??????????W
????? (constellation mapper)???????????? x?????????
????????????????? (IFFT)????????????????
??????? TX???????? RF????????????k?????
???????? SU-MIMO??????????
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2.7 ?????????????BD-QRD
???????????????????BD-QRD???????????IEEE
802.11ac??? CSI??????????????? STA??????? Vbasisk
??? (1  k  K)????? Vbasisk ???? IUI??????????????
?W?????
??CSI????????????????Vbasisk ???k???????MU-
MIMO??????????Wk???????? ˆHk??????
ˆHk =
h
Vbasis1    Vbasisk 1 Vbasisk+1    VbasisK
i
(2.27)
??????? ˆHk? k????????????Vbasisk ????????????
Ntx  (Nrx   Nrx;k)???? ˆHk?QR?????? (2.28)????? Ntx  Ntx??
????? Qk ? Ntx  (Nrx   Nrx;k)????? Rk ???????
ˆHk = QkRk =
h
Qbasisk Qnullk
i
Rk (2.28)
????????????????????????Qnullk ???????????
BD-QRD???? k???????MU-MIMO??????????Wk = Qnullk
?????? BD-QRD?????????? K?????????MU-MIMO
??????????W = [W1; : : : ;Wk; : : : ;WK]????
????k???????MU-MIMO??????????Wk??????
?????IUI??????????k?m???????????????
HkWk , O (2.29)
HmWk = O (k , m) (2.30)
?? BD-QRD???? k???????MU-MIMO???????????
???????? ˆHk ???? QR????????????????????
?? Qnullk ?????????????????? K   1??????????
fVbasis1 ; : : : ;Vbasisk 1 ;Vbasisk+1 ; : : : ;VbasisK g?????????????? BD-QRD???
K 1???????CSI?????????????K???????MU-MIMO
??????????WK ????????????????????????
K   1??MU-MIMO??????????Wk (1  k  K   1)???????K
??????? CSI????????????????????????
IEEE802.11ac???? K???????CSI???????????????
? SIFS??????? DL-MU-MIMO??????????????????
BD-QRD???? K???????CSI??????????????????
?????MU-MIMO??????????????????????????
?????????????
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2.8 ?????????????Iterative BD
??????????????????? IBD-QRD????????????
? BD-QRD????????????? K   1???????????????
??????MU-MIMO?????????????????????????
?????????? IBD (iterative block diagonalization)?????????
?? IBD???Algorithm2?????? IBD????MU-MIMO??????
?????CSI??????????????????????????????
????? K???????CSI?????????????????????
????????????BD-QRD????MU-MIMO???????????
???????????????????????????????
????Algorithm2??????? IBD????CSI???????????
?????? NS ()?????????????????BD-QRD??????
??????? NS ()?? (2.28)??????????????????Qn??
??????????
???? Algorithm2????????? 3??? (K = 3)?MU-MIMO??
????????W??IUI????????????
W =
h
W(2)1 W
(2)
2 W
(2)
3
i
(2.31)
????W(2)1 ;W(2)2 ;W(2)3 ?????????????
W(2)1 = W
(1)
1  NS (Vbasis3
HW(1)1 )
= NS (Vbasis2
H)  NS (Vbasis3 HNS (Vbasis2 H)) (2.32)
W(2)2 = W
(1)
2  NS (Vbasis3
HW(1)2 )
= NS (Vbasis1
H)  NS (Vbasis3 HNS (Vbasis1 H)) (2.33)
W(2)3 = W
(1)
2  NS (Vbasis2
HW(1)2 )
= NS (Vbasis1
H)  NS (Vbasis2 HNS (Vbasis1 H)) (2.34)
??W(2)1 ???????????????????????????????
?????
H1W(2)1 = U11V
basis
1
HNS (Vbasis2
H)  NS (Vbasis3 HNS (Vbasis2 H)) , O (2.35)
H2W(2)1 = U22V
basis
2
HNS (Vbasis2
H)  NS (Vbasis3 HNS (Vbasis2 H)) = O (2.36)
H3W(2)1 = U33V
basis
3
HNS (Vbasis2
H)  NS (Vbasis3 HNS (Vbasis2 H)) = O (2.37)
?????????????????H2W(2)1 ?H3W(2)1 ?????O??????
????????????????????????????????W(2)2 ?W(2)3
?????????????????????
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Algorithm 2 Iterative BD Precoding
Require: W(0)1 = INr
1: for k = 1 to K do
2: Vbasisk is CSI from the k-th STA
3: if k < K then
4: W(k)k+1 = W
(k 1)
k  NS (Vbasisk
HW(k 1)k )
5: end if
6: if 2  k then
7: for m = 1 to k   1 do
8: W(k 1)m = W(k 2)m  NS (Vbasisk HWk 2m )
9: end for
10: end if
11: end for
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2.9 ???
??????????MIMO??????????MIMO???????LRA-
MMSE?MLD????????????????????LRA-MMSE???MIMO
??????????????????MLD??????MIMO???????
??????MIMO???????????????????????????
?????????????? [7]?MLD???MIMO???????????
?????????????????????????????????????
????????MIMO????????MIMO??????????MLD?
????????????????????????????? 1????MIMO
????????????????????????????????? 2??
?????????? 1??????????????????????
???MU-MIMO????????????????????????BD-QRD
??? IBD?????????????BD-QRD????????????K  1
?????????????????CSI??????????????????
????????IBD??????????????????????????
????????????????K??????? CSI??????????
????????????????????IBD????????? CSI???
????????????????????????????????????
?QRD-BD??????????????
32
?3? ??MIMO????????
?????????????
??
3.1 ????
????????? (SDM: space devision multiplexing)???????????
???????????????????????MIMO (multiple input multiple
output)???????????
??MIMO??????????????????????????????
?????????MIMO????????MIMO??????????MLD
????????????????????????MIMO?????????
?????? 2??????????????????????????????
? 1 [12]????MIMO?????????????????????????
????????????????? 2 [15]????????????????
????????????????????????????????????
??????? 1???????????????????
???????MIMO?????????????????????????
??????????????????????BER (bit error rate)?PER (packet
error rate)????????????????????????????????
???????
3.2 ??????????
????????????????????????????????????
????????????????????????????????????
????????????????????????????? LLR?????
????????
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3.2.1 STEP1??????????????
????????????MIMO????????MIMO?????????
????????????Nrx  1????? hc ????????? H?? (3.1)
?????????
H =
h
h1 h2    hc    hNtx
i
(3.1)
?????????? c???????????????????H = fh1;h2;    ;hc;
   ;hNtxg??????
???Ntx ??????? H???????? Ng ????? Nrx  Ng ???
gk???????? H? G?????? gk (1 k  G)???????????
G = fg1; g2;    ; gk;    ; gGg ??????????gk ? k ???????????
????? gk (1 k  G)? Ng ?????????????????. ?????
??? gk????????????? gk 2 fh1;h2;    ; hNtxg????? (?? gk?
??H?????)?
???? gk ?????????????????gk  H?H \ ([Gk=1gk) = ;?
gk , gq (k , q). ?????? k? q??????????
? k??????? gk??????????????? ˆHk?????? gk?
???????H?????????? Nrx  (Ntx   Ng)???????? ˆHk?
???????????? ˆHk?????????
ˆHk = H \ gk (3.2)
???? ˆHk?QR?????? (3.3)???????????? Qk ??????
Rk ???????
ˆHk = QkRk =
h
Qbk Qnk
i
Rk (3.3)
????? Qbk ??????????????????? Qnk ?????????
??????????????? Qnk ???????????????WGD ??
(3.4)?????????
WGD =
h
Qn1    Qnk    QnG
iH (3.4)
? (3.4)??????????????WGD????????? y??????
?????????????????????? (3.5)?????????
WGDy = WGDHx +WGDn
=
26666666666666666664
HGD;1 O    O
O HGD;2
: : :
:::
:::
: : :
: : : O
O    O HGD;G
37777777777777777775
2666666666666666664
x1
x2
:::
xG
3777777777777777775 +WGDn (3.5)
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?? HGD;k ? k???????????????? (HGD;k = QnHk gk). ???? xk
????? gk ?????????????????
??MIMO????????????????? (2.11)??????????
???HGD;k (k = 1; 2;    ;G)??????????? xˆk ??????????
????????????????????MIMO??H? QRD-MLD??
???????WNtx ??G????MIMO??HGD;k????????G  WNg
????????????QRD-MLD??????????????
? 3.1?????????????????????????????????
???????????????????? 2????????????????
????Ng = Ntx=2;G = 2????????????????????????
? 2???????????????
Ntx
{ }
Gk
gggG KK
1
=
=H h1 h2
txN
hL
Ng 
=
1
g
L
Ng 
=
k
g
L
Ng 
=
G
g
L
グループセット
? 3.1: ??????????????????
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3.2.2 STEP2????????????????????
Ntx  Nrx MIMO?????Ntx = Nrx = 8?G = 2?Ng = 4?????????
?????? gk? Ncomb = 8C4 = 70?????????????G? Pmax = 35
??????????????????
Pmax =
QG 1
i=0 Ntx iNgCNg
G!
(3.6)
?????????? 1??? Ncomb??????? gk???????????
?????????MIMO????????????????????????
???? Pmax???????????????????????? N?????
?????????????????????????????
?????MIMO?????????? C?? (3.8)?????? [18]?
C = log2 det
 
INrx +
1
2n
HHH
!
(3.7)
=
NrxX
i=1
log2
 
1 +
i
2n
!
(3.8)
???? INrx ? Nrx  Nrx ?????2n ??????i ? i?????HHH??
??????????MIMO?????????????????G? k???
???? gk?????? CGD;k ?? (3.9)???????
CGD;k = log2 det
 
INg +
1
2n
HGD;kHHGD;k
!
(3.9)
? n?????????????G(n) (1 n  Pmax) ????????????
? gk(1 k  G)?????????????MIMO????? CGD (G(n)) ??
(3.10)????
CGD (G(n)) =
GX
k=1
CGD;k (3.10)
=
GX
k=1
log2 det
 
INg +
1
2n
HGD;kHHGD;k
!
????????????? (3.10)???????MIMO????? CGD (G(n))
???? Pmax?????????????G(n) (1 n  Pmax)????????
????? N?????????????????????Gsort(n)(1 n  N)?
?????????Gsort(1)????????????????????????
???????? 2???????????????????????????
?????????? N=1???????????????? 2???????
??????
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3.2.3 STEP3?????????LLR??
STEP2?????????????Gsort(n)(1 n  N)?????? n????
?????????????????Gsort(n)????? (2.11)?(2.12)?(3.5)??
????????????????????? LLR? LLR(x j;ljy;Gsort(n))????
?????? (SNR: signal-to-noise-ratio)???????????? LLR(x j;ljy;
Gsort(n))???????????????????????????Viterbi??
???????????????????????? LLR??????????
?????????????????????????
?????????? N???????????? (Gsort(1);    ; Gsort(N))??
?????????? LLR???????? LLR?????????N ???
??????????LLR????? LLRprop(x j;ljy)?? (3.11)????????
??x j;l?? j???????????????????? x j?? l bit????
LLRprop(x j;ljy) =
NX
n=1
LLR(x j;ljy;Gsort(n)) (3.11)
????????????????????? 3.2????? 3.2??????
???????? 3.3????? 3.2????????????????? x??
?? N???????????????????
??????3.2?”Gsort(n)”??????????H?????????Gsort(n)
????N??????????? (STEP1?2)??????????????”Group
detection group set Gsort(n)”???????????? 3.3 ?”GD”??????
?????????WGD????????? H??????MIMO?? HGD;k
(1  k  G)??????”QRD-MLD group gk”???????? k??????
?????????? xˆk???HGD;k?????????”LLR”???????
?????? [17]?????????????? LLR(x j;ljy;Gsort(n))?????
??????? N???????????????”Combiner of LLRs”????
?? (3.11)? LLR???????? (STEP3)????????????? LLR?
LLRprop(x j;ljy)????Viterbi decoder?????????????
??????????????????MIMO??????????????
????1616MIMO????G=4?Ng=4???G=2?Ng=8?????????
????????????????????MIMO???????????
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G
sort
(n)
H
y
C
o
m
b
in
e
r o
f L
L
R
s
Group detection 
group set G
sort
(1)
Group detection 
group set G
sort
(n)
Group detection 
group set G
sort
(N)
M
M
LLRprop(xj,l | y)
LLR(xj,l | y,Gsort(n))
? 3.2: ????????????????
GD
QRD-MLD
group g
1
LLR
QRD-MLD
group g
k
QRD-MLD
group g
G
M
M
GD
W
Gsort(n)
y
LLR(xj,l | y,Gsort(n))
? 3.3: ????????????????
????
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3.3 ????
??????????????????MIMO??????????????
?????????????????????????? [14]????????
??? 1 [12]??????????? 2 [15]????????????? (bit error
rate: BER)???????? (packet error rate: PER)???????????
??????IEEE802.11ac????????????????? 2.1?????
??????????? 2.1??”MIMO decoder & subcarrier demodulation”???
???MIMO???????BER???PER????????????????
IEEE802.11ac??????? (Task Group: TG)?????? TGac channel model
D [3]?????channel model D??????????????????? rms
(root mean square) delay spread? 50ns????
???????????????????????????????????
????? gk??G = 2 or 4,???? gk????????????? Ng = 2, 4,
5, or 6,???????????????? N = 2, 3, 5, or 10.
3.3.1 BER PER????
??????????????????BER? PER????????????
??????? 3.1????channel model D??????BER??? PER???
??? 3.4?3.5????????
?????????????????????????? 1 [12]????? gk
????????????????????????????????????
? 2 [15]?????????????????????????????????
???????????? [14]??????????????????????
?? 2?????? g1,g2??????????????
? 3.1: ??????????
Simulator IEEE 802.11ac
????? 80MHz
FFT/IFFT??? 256
????????? 234
OFDM????? 4 us (0.8 us GI)
TX/RX???? Ntx = 8, Nrx = 8
?????? 1500 [byte]
?? 80 MHz
???? QPSK, R = 1/2
??? TGac Channel model D??
???? BCC (Binary Convolutional Code)
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9 10 11 12 13 14 15 16 17 18
10−6
10−5
10−4
10−3
10−2
SNR [dB]
B
ER
BER vs. SNR with viterbi decoder
 
 
LRA−MMSE
[14] Ng=4
[15] Ng=4
[12] Ng=4 Ncomb=70
[12] Ng=5 Ncomb=56
[12] Ng=6 Ncomb=28
Prop. Ng=4, N=5
Prop. Ng=5, N=10
Prop. Ng=6, N=10
8×8 QRD−MLD
? 3.4: BER???? G=2, Ng=4,5, or 6
? 3.4???BER = 10 5????????? (Prop. Ng=4, N=5)???????
???? 2 [15]????? [14]?LRA-MMSE????????? 1.4 dB, 2.0 dB,
2.3 dB??????????????????????? 1( [12] Ng=4, Ncomb=70)
?????????????88 QRD-MLD????????????? 1 dB?
?????????? (Prop. Ng=5, N=10)??????????? 1( [12] Ng=5,
Ncomb=56)????????????????? (Prop. Ng=4, N=5)???? 0.6 dB
???????????????88 QRD-MLD????????????? 0.4
dB?????????????????? (Prop. Ng=6, N=10)????????
??? 1( [12] Ng=6, Ncomb=28)??? 88 QRD-MLD?????????????
???? (Prop. Ng=4, N=5)???? 1 dB????????????????
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9 10 11 12 13 14 15 16 17 18
10−3
10−2
10−1
100
SNR [dB]
PE
R
PER vs. SNR with viterbi decoder
 
 
LRA−MMSE
[14] Ng=4
[15] Ng=4
[12] Ng=4 Ncomb=70
[12] Ng=5 Ncomb=56
[12] Ng=6 Ncomb=28
Prop. Ng=4, N=5
Prop. Ng=5, N=10
Prop. Ng=6, N=10
8×8 QRD−MLD
? 3.5: PER???? G=2, Ng=4,5, or 6
? 3.5???PER = 10 2????????? (Prop. Ng=4, N=5)???????
???? 2 [15]????? [14]?LRA-MMSE????????? 1.5 dB, 2.0 dB,
2.4 dB??????????????????????? 1( [12] Ng=4, Ncomb=70)
?????????????88 QRD-MLD????????????? 1 dB?
?????????? (Prop. Ng=5, N=10)??????????? 1( [12] Ng=5,
Ncomb=56)?????? (Prop. Ng=6, N=10)??????????? 1( [12] Ng=6,
Ncomb=28)???QRD-MLD????????????????????? (Prop.
Ng=5, N=10)? 88 QRD-MLD????????????? 0.4 dB??????
??????
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10 12 14 16 18 20
10−6
10−5
10−4
10−3
10−2
SNR [dB]
B
ER
BER vs. SNR with viterbi decoder
 
 
Prop. Ng=2, N=2
Prop. Ng=2, N=3
Prop. Ng=2, N=5
[12] Ng=2 Ncomb=28
Prop. Ng=4, N=2
Prop. Ng=4, N=3
Prop. Ng=4, N=5
Prop. Ng=4, N=10
[12] Ng=4 Ncomb=70
2 Group 4x4
MIMO
(G = 2, Ng = 4)
4 Group 2x2
MIMO
(G = 4, Ng = 2)
? 3.6: BER???? G=2 or 4, Ng=4 or 2
???? 3.1???????????????????????????G?
LLR???? N?????????????????????G=2?G=4???
????????????? 3.6?3.7????
? 3.6???BER = 10 5????G=2???????? (Prop. Ng=4 N=5)??
G=4????? (Prop. Ng=2 N=5)??? 3 dB? BER????????????
??? 3.7???PER??????? PER = 10 2????? 3 dB???????
?????????????? Ng????????????????????
???????????????? Ng = 4?? N?????????????
????????? N?????????BER???????????????
??? N = 5? N = 10? BER????????????????? Ng = 4??
? N??? 5???????? BER?????????
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10 12 14 16 18 20
10−3
10−2
10−1
100
SNR [dB]
PE
R
PER vs. SNR with viterbi decoder
 
 
Prop. Ng=2, N=2
Prop. Ng=2, N=3
Prop. Ng=2, N=5
[12] Ng=2 Ncomb=28
Prop. Ng=4, N=2
Prop. Ng=4, N=3
Prop. Ng=4, N=5
Prop. Ng=4, N=10
[12] Ng=4 Ncomb=70
2 Group 4x4 MIMO
(G = 2, Ng = 4)
4 Group 2x2 MIMO
(G = 4, Ng = 2)
? 3.7: PER???? G=2 or 4, Ng=4 or 2
? 3.6?? 3.7?BER = 10 5??? PER = 10 2????????? (Prop. Ng=2
N=5)??????????? 1( [12] Ng=2, Ncomb=28)????????????
??????????????G=4?? Ng=2?????????? QRD-MLD
??????????W2?????????G=2?? Ng=4?????????
?W4??????????????????????????????????
??? 3 dB?????
????????MIMO????????????????????????
?G=2?? Ng = 4?5???? 6???????????????
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3.3.2 ?????
?MIMO?????????????????????n bit????? 2??
X? Y???????????? (n   1)??????? 1??????????
???n bit????? 2?? X? Y???????????? n(n   2)????
???n?????????? n2??AND????????? [28]??????
?????? 4???????? 2????????????????????
??????????????????????????????
???????????????????????????????????
?????????? (complex multiplier)?????????????????
???????????? QRD-MLD???????????????? 3.2?
88 MIMO???????????W?????????????????? 3.8
?? 3.2?????MIMO????????????????QPSK?? (W=4)
????????????????????
? 3.2?????88 QRD-MLD? 88 MIMO?QRD-MLD????????
??? [14]??????????? 2 [15]?? 44 MIMO?QRD-MLD??? 2
???????? (Prop. Ng=4)? 2N ?? 44 MIMO? QRD-MLD??????
???? (Prop. Ng=2)? 4N?? 22 MIMO?QRD-MLD??????
? 3.8?????? [14]??????????? 2 [15]???????????
QRD-MLD?????????????????? (Prop. Ng = 2; N = 3)????
???? 88 QRD-MLD? 0.03 %??????????? 99.97 %??????
??????? (Prop. Ng = 2; N = 3)??????????? 1( [12] Ng=2)???
?????????????????????? 1 [12]? 42.85 %???????
???? 57.15 %??????
??????? (Ng=4 N=5?Ng=5 N=10?Ng=6 N=10)? 88 QRD-MLD??
???????????????????????? 88 QRD-MLD? 1.56 %?
17.19 %?87.50 %???????????
?????????? (Ng=4 N=5?Ng=5 N=10?Ng=6 N=10)????????
??? 1 [12]???????????????????????????????
????? 1 [12]? 14.29 %?35.71 %?71.43 %???????????
? 3.4?3.5?????? (Prop. Ng=6 N=10)? 88 QRD-MLD???????
???????? 3.8??????? 88 QRD-MLD????????????
?????????? (Prop. Ng=5 N=10)????? (Prop. Ng=4 N=5)?? 11?
??????????????
MIMO????????????????????G=2?? Ng=4?5????
6?????????????????????????????? (Prop. Ng=4
N=5)???????????????????MIMO????????????
(Prop. Ng=4 N=5)????????88 QRD-MLD?????? 1dB?????
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? 3.2: ?????
Decoder Method The Number of Complex Multipliers
QRD-MLD W2 + 2W3 + 3W4
+4W5 + 5W6 + 6W7 + 7W8
[14] Ng=4 2(W2 + 2W3 + 3W4)
[15] Ng=4 2(W2 + 2W3 + 3W4)
[12] Ng=6 28(W2 + 2W3 + 3W4 + 4W5 + 5W6)
[12] Ng=5 56(W2 + 2W3 + 3W4 + 4W5)
[12] Ng=4 70(W2 + 2W3 + 3W4)
[12] Ng=2 28(W2)
Prop. Ng=6 2N(W2 + 2W3 + 3W4 + 4W5 + 5W6)
Prop. Ng=5 2N(W2 + 2W3 + 3W4 + 4W5)
Prop. Ng=4 2N(W2 + 2W3 + 3W4)
Prop. Ng=2 4N(W2)
1 2 3 4 5 6 7 8
100
101
102
103
104
105
106
The number of grouping channel Ng
Th
e 
nu
m
be
r o
f C
om
pl
ex
 m
ul
tip
lie
r
 
 
[14]
[15]
[12]
Prop.
8×8 QRD−MLD 17.19%
87.50%
71.43%
1.56%
0.31%
0.03%
42.85%
14.29%
QRD−MLD
Prop.
35.71%
[12]
[14]
[15]
? 3.8: ?????QPSK?????????
??????? 88 QRD-MLD??????????? 1( [12] Ng=4)? 1.56 %?
14.29 %????????????????
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3.4 ???
???????MIMO?????????????????????????
N??????????????????????????????MIMO???
??????????????????????????? (Prop. Ng=4 N=5)?
BER? PER???????????????????????????????
???? 2 [15]???????????????????????PER? 10 2?
??????? (Prop G=2 N=5)???????????? 2 [15]???? 1.5 dB
? SNR?????????????????????????????????
??? 1 [12]??????????????MIMO?????????????
???88 MIMO???????? (Prop. Ng=4 N=5)?????????MLD?
??? 88 QRD-MLD??????????? 1 [12]? 1.56 %?14.29 %???
????????????????? (Prop G=2 N=5)????????????
????????????????????MIMO??????????????
???????? RTL??????FPGA? 16-QAM?64-QAM??????
?????? BER??? PER???????????????
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?4? MU-MIMO????????
?????????????
????
4.1 ????
???SU-MIMO(single user - multiple input multiple output)?????????
??????????????LAN???????? IEEE802.11ac??????
?????? 8?????????? 6.93Gbps???????????????
??????????????? SU-MIMO?????????? (TDMA: time
division multiple accesses)??????????????????? (AP: access
point)??????????????????????????????????
????????????????????????????????????
??????????
????????????????????????????????????
MIMO?????????????????????????????????
?????????????MIMO????????????????????
??? 1??? 2?????????????????????????????
????????????1? 1?????? SU-MIMO???????????
?????????1???????????????????????????
???????????????????????????
?????????????????????????????????? (?
?????????)???????????????????????????
??DL(down link)-MU(multi user)-MIMO?????????DL-MU-MIMO??
?????????????????????????????????????
?????????????????????????????????????
????? (SDMA: space division multiple accesses)?????????????
?????????????????????? SDMA????DL-MU-MIMO
????????????????????????????????????
??????????????????????????? SU-MIMO??? (?
?????????????????)???????????????????
4.1. ???? 47
???????????????DL-MU-MIMO???????????
????DL-MU-MIMO?????????? (IUI: inter-user interference)??
???????????????MU-MIMO?????????????????
??????????????? BD-QRD?? [22]????????????
QR?? (QRD: QR decomposition)??????????????????????
BD-QRD??????????????????????? K   1???? (K?
????)????????????????????????????????
BD-QRD????MU-MIMO???????????????????????
??IBD (iterative BD)?????????? [23]??????????????
? (CSI: channel state information)?????????????????????
?????????????????????????IBD???BD-QRD??
??????????????????
???????? IEEE802.11ac????????????????????CSI
????????????????????????????????????
????????????????????????????????????
????????????????????
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4.2 IEEE802.11ac????
??????LAN???????? IEEE802.11ac????????????4.1
? IEEE802.11ac??????????????????????? 20?160MHz
????160MHz??????????????????????? Nsd????
????? 52?108?234?468???????GI(gard interval)???Normal GI
? Short GI? 2????????? 0.8s? 0.4s????OFDM??????
3.6s? 4s??? [3]????2.4GHz???????????????????
??802.11ac???? 5GHz??????????????
? 4.2? 802.11ac???????MCS (modulation and coding scheme)????
802.11ac???? BPSK (binary phase shift keying)?QPSK (quadrature phase shift
keying)?16QAM (quadrature amplitude modulation)?64QAM?256QAM?????
??????????????? 1/2?2/3?3/4?5/6??????????802.11ac
??????????????????????? 4.2????????
802.11ac??????SU-MIMO?????????????????????
(STS: space time stream)???? 8????????????????88 MIMO
?????? 160MHz???? 256QAM?????????????? 6.93Gbps
??????????????
???802.11ac??????MU-MIMO?????????????????
???? NS TS ;u??? 4?????????MU-MIMO???????????
????? K? 4???????????802.11ac?????????????
???????? NS TS ??? 8??????????????????????
????? NS TS ;u??? NS TS ;total =
PK
u=1 NS TS ;u? 8?????????????
??????? u???????????????
???????802.11ac????MU-MIMO?????????????802.11ac
????MU-MIMO??????????????????????MU-MIMO
???????????? 802.11ac????? LAN?????
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? 4.1: IEEE802.11ac PHY????
??????? 20 MHz 40 MHz 80 MHz 160 (80+80) MHz
?????????? Nsd 52 108 234 468
???????????? Nsp 4 6 8 16
???????? Nst 56 114 242 484
IFFT????? 3.2 s
Normal GI? 0.8 s
Short GI? 0.4 s
OFDM????? Short GI? 3.6 s, Normal GI? 4.0 s
? 4.2: MCS???
MCS Modulation Coding Rate
0 BPSK 1/2
1 QPSK 1/2
2 QPSK 3/4
3 16-QAM 1/2
4 16-QAM 3/4
5 64-QAM 2/3
6 64-QAM 3/4
7 64-QAM 5/6
8 256-QAM 3/4
9 256-QAM 5/6
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?? IEEE802.11ac??????????????????? VHT-PPDU (very
high throughput - PLCP protocol data unit)?????????PLCP? physical layer
convergence protocol???????4.3?VHT-PPDU?????????????
???????? L-STF (legacy - short training field)?L-LTF (legacy - long training
field)?L-SIG (legacy - signal)????
IEEE802.11ac???????????????????????Legacy Pream-
ble?????????????VHT-SIG-A??????????????802.11ac
???????????????
IEEE802.11ac?????????????VHT-PPDU?????VHT-LTF?
???????VHT-LTF?OFDM?????NVHT LT F????????????
?? NS TS ;total????????????SU-MIMO?????? NS TS ;total? 1??
???????????? NS TS ????MU-MIMO?????? NS TS ;total???
?????????????? NS TS ;u???????802.11ac????????
?????????? NS TS ;total????VHT-LTF? NVHT LT F?? 4.4????
? 4.3?Data???????????Max 5.484 ms?VHT-PPDU???PPDU
????????Data????????????? 5.484 ms??Legacy Preamble
??????VHT Preamble??????????????
VHT-PPDU????????Legacy Preamble??VHT Preamble??????
??? PHY Header???????????????? NS TS ;total?? PHY Header
??????? 4.5????PHY Header??????????????????
NS TS ;total?????? 40 s???? 68 s????
802.11a????PHY Header?Legacy Preamble???20 s??????802.11ac
???? PHY Header??? 68 s??? 802.11a??? 3.4?????????
??????? LAN???? PHY Header?????????????????
??????????
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? 4.3: VHT PPDU??????
Non-VHT Portion VHT Portion
Legacy Preamble VHT Preamble Data
L-STF L-LTF L-SIG VHT-SIG-A VHT-STF VHT-LTF VHT-SIG-B Data
8 s? 8 s 4 s 8 s 4 s 4*NVHT LT F s 4 s Max 5.484 ms
? 4.4: ???????? NS TS ??VHT-LTF? NVHT LT F
???????? NS TS ;total 1 2 3 4 5 6 7 8
VHT-LTF? NVHT LT F 1 2 4 4 6 6 8 8
? 4.5: ???????? NS TS ?? PHY Header?????
???????? NS TS ;total 1 2 3 4 5 6 7 8
VHT-LTF? NVHT LT F 1 2 4 4 6 6 8 8
PHY Header????? 40 s 44 s 52 s 52 s 60 s 60 s 68 s 68 s
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4.3 IEEE802.11ac CSI Feedback
?????? LAN???????? IEEE802.11ac?????? CSI????
?????????????????IEEE802.11ac??????CSI??????
?????????? 4.1??????? (beamformer)? DL-MU-MIMO???
?????????NDPA (null data packet announcement)??????????
????????? NDPA??????????????????? NDP (null
data packet)????? SIFS (short inter-frame space)??????????? SIFS
???????????????802.11ac????? 5GHz??? 16s????
NDPA????????? k????????? (beamformee)??NDP???
???????????Hk ??????????k?????????????
?? (SVD: singular value decomposition)???????????Vk??????
????????Vbasisk ????
Hk = UkkVHk
= Ukk
h
Vbasisk Vnullk
iH (4.1)
?????? Vnullk ????????? Vk?????????????????
????? 802.11ac????????????????Vbasisk ?????????
802.11ac??????????????????Vbasisk ????????? (4.2)?
(4.3)?(4.4)??? ((20-79) in [3])????Appendix? 42?? Vbasisk ?????
??????
Vbasis =
26666664min(Nc;Nr 1)Y
i=1
"
Di

1i 1e ji;i    e jNr 1;i1
 NrY
l=i+1
GTli ( li)
#37777775 INrNc (4.2)
??? Nr?Nc?????????????Vbasis???????1i 1? i   1??
?? 1?????????????Gli? Di?????????
Gli( li) =
266666666666666666666664
Ii 1 0 0 0 0
0 cos( li) 0 sin( li) 0
0 0 Il i 1 0 0
0   sin( li) 0 cos( li) 0
0 0 0 0 INr l
377777777777777777777775
(4.3)
Dli( li) =
26666666666666666666666664
Ii 1 0       0
0 exp( ji;i) 0    0
::: 0 : : : 0 0
:::
::: 0 exp( jNr 1;i) 0
0 0 0 0 1
37777777777777777777777775
(4.4)
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SIFS SIFS SIFS SIFS
Decreasing
Throughput
SIFS = 16 [µs]SIFS
BF RP
CSI Feedback
MU-Weight Calculation Latency
MU-MIMO Transmission
MU
VHT PPDU
BF RP
CSI
NDP
Beamformer
(AP)
Beamformee 1
(STA 1) 
Beamformee K
(STA K)  
NDPA
CSI
? 4.1: IEEE802.11ac CSI???????
??????Gli( li)? Nr  Nr???????? (givens rotation matrix)????
??Di(1i 1 e ji;i    e jNr 1;i 1)?NrNr???????????? (4.2)?(4.3)?(4.4)
??????????? ?  ? compressed CSI??????
? 4.1???NDP????????? SIFS???????? 1???? com-
pressed CSI??????????????????????? CSI??????
???????? BFRP (beamforming request poll)???????K ?????
????? BFRP????????? SIFS?? K ?????????????
compressed CSI???????????
K?????????? compressed CSI?????????DL-MU-MIMO?
??? (MU VHT PPDU : multi-user very high throughput PLCP protocol data unit,
PLCP : physical layer convergence protocol)???? CSI???????????
?? SIFS??????????????????MU-MIMO?????????
???????? (????????)????????????????
??CSI???? (??V?????? ;  ????)???????????
????????????????802.11n??????V??????????
?????????? (non-compressed feedback)????? ? ???????
???????????? (compressed feedback)? 2?? CSI????????
??????
?????????????Nr  Nc??V??????????? 8bit???
???Nr  Nc??V? 2 8 Nr  Nc bit????????4 2??V????1
????????? 128 bit????????
???????????????4  2??V? 5?? ? 5??  ?????
??????? ????? 9bit? 7bit????????4 2??V???? 1
????????? 80 bit???????????????V????? ? ?
???????? 60%??????????????????????802.11ac
?????????????????? (????)?????
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4.4 ??LC-IBD??????????
??????? LC(low complexity)-IBD?????????????????
?????????NS ()? IBD??????????????????????
??????? NS ()??????????????????? SVD?QRD??
???????????????? IBD?? [23]????? Vk???????
??QRD????????
Vk = QkRk =
h
Qbasisk Qnullk
i
Rk (4.5)
NS (VHk ) = Qnullk (4.6)
VHk NS (VHk ) = VHk Qnullk = O (4.7)
???Qk?????????Qbasisk ?Qnullk ???Qk????????????
?????????????????????Rk???????O??????
??????
?? LC-IBD?????? IEEE802.11ac????????CSI???????
??????????????????????????????? LC-IBD?
?????????? (4.2)?????????? INrNc ? INrNr ???????
???????Vbasis???????????????????Vnull?????
?????
ˆV =
26666664min(Nc;Nr 1)Y
i=1
"
Di

1i 1e ji;i    e jNr 1;i1
 NrY
l=i+1
GTli ( li)
#37777775 INrNr
=
h
Vbasis Vnull
i
(4.8)
??? ˆV? Nr  Nr???????????????Vbasis?Vnull???????
????
VbasisHVnull = ONc(Nr Nc) (4.9)
?? LC-IBD????????Algorithm 3????k??????? compressed
CSI? k = f1;1;    ; Nr 1;min(Nc;Nr 1)g, 	k = f 2;1;    ;  min(Nc;Nr 1)+1;min(Nc;Nr 1)g???
??. ? (4.8)? CSI?????????????h
Vbasisk Vnullk
i
= CS I (k;	k) (4.10)
Algorithm 3??W(1)2 ?Vbasis1
HW(1)2 = ONc(Nr Nc)???????????? (4.8),
(4.9), (4.10)???????? Vnull1 ?????W(0)1  NS (Vbasis1
HW(0)1 )?????
???????????W(1)1 ?Vnull2 ????????????????????
???? INrNc?? (4.8)? INrNr ?????????????????? SVD?
QRD????????????????????????
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Algorithm 3 Proposed LC-BD Precoding
Require: W(0)1 = INr
Comments : 1st User CSI receiving
1: [Vbasis1 ;Vnull1 ] = CS I(1;	1)
2: W(1)2 = W
(0)
1  NS (Vbasis1
HW(0)1 ) = Vnull1
Comments : 2nd User CSI receiving
3: [Vbasis2 ;Vnull2 ] = CS I(2;	2)
4: W(2)3 = W
(1)
2  NS (Vbasis2
HW(1)2 )
5: W(1)1 = W
(0)
1  NS (Vbasis2
HW(0)1 ) = Vnull2
Comments : 3rd to K-th User CSI receiving
6: for k = 3 to K do
7: Vbasisk = CS I(k;	k)
8: if k < K then
9: W(k)k+1 = W
(k 1)
k  NS (Vbasisk
HW(k 1)k )
10: end if
11: for m = 1 to k   1 do
12: W(k 1)m = W(k 2)m  NS (Vbasisk HWk 2m )
13: end for
14: end for
? 4.2????????? 3???MU-MIMO?? (K = 3)????????
???????????????????? IBD??????????????
???? CSI??????????????????????????????
??CSI?????????????????????????? Step k????
Step 1?? 1???????CSI??????????????????????
?Vnull1 ????2?????????????????W(1)2 ????Step 2??
2??????? CSI???????????????????????Vnull2 ?
???1?????????????????W(1)1 ?????????????
??????Vbasis2 ???????????W(1)2 ???3???????????
??????W(2)3 ??????Step 3?? 3??????? CSI???????
?? 1??????? 2????????????????????????
?????????? 2????MU-MIMO???????????????
??????2????MU-MIMO????????????????????
???WIBD = [W(1)1 ;W(1)2 ] = [Vnull2 ;Vnull1 ]??????????. ???????
????????????W(1)2 ?W(1)1 ???? 802.11ac??? CSI?????
????Vnull1 ?Vnull2 ???????????????????? IBD?????
??????????????????
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SIFS SIFS SIFS SIFS
SIFS = 16 [µs]
SIFS
BF RPNDP
Beamformer
(AP)
NDPA
Beamformee 1
(STA 1) 
Beamformee 2
(STA 2)  
Beamformee 3
(STA 3)  
SIFS
BF RP
Proposed LC-IBD calculation process
CSI Feedback
CSI
CSI decomp.
[ ] ( )
1111
,ΨΦ=CSI
nullbasis
VV [ ] ( )
2222
,ΨΦ= CSI
nullbasis
VV [ ] ( )
3333
,ΨΦ=CSI
nullbasis
VV
null
1
)1(
2
VW =
IW =
)0(
1
null
2
)1(
1
VW =
( ))1(
22
)1(
2
)2(
3
WVWW
Hbasis
NS×=
( ))1(
13
)1(
1
)2(
1
WVWW
Hbasis
NS×=
( ))1(
23
)1(
2
)2(
2
WVWW
Hbasis
NS×=
[ ])2(
3
)2(
2
)2(
1
WWWW =
CSI
CSI
Step 1 Step 2 Step 3
CSI decomp. CSI decomp.
? 4.2: ?? LC-IBD????????
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???? Algorithm3????????? 3??? (K = 3)?MU-MIMO??
????????W??IUI????????????
W =
h
W(2)1 W
(2)
2 W
(2)
3
i
(4.11)
????W(2)1 ;W(2)2 ;W(2)3 ?????????????
W(2)1 = W
(1)
1  NS (Vbasis3
HW(1)1 )
= Vnull2  NS (Vbasis3 HVnull2 ) (4.12)
W(2)2 = W
(1)
2  NS (Vbasis3
HW(1)2 )
= Vnull1  NS (Vbasis3 HVnull1 ) (4.13)
W(2)3 = W
(1)
2  NS (Vbasis2
HW(1)2 )
= Vnull1  NS (Vbasis2 HVnull1 ) (4.14)
??W(2)1 ???????????????????????????????
?????
H1W(2)1 = U11V
basis
1
HVnull2  NS (Vbasis3 HVnull2 ) , O (4.15)
H2W(2)1 = U22V
basis
2
HVnull2  NS (Vbasis3 HVnull2 ) = O (4.16)
H3W(2)1 = U33V
basis
3
HVnull2  NS (Vbasis3 HVnull2 ) = O (4.17)
?????????????????H2W(2)1 ?H3W(2)1 ?????O??????
????????????????????????????????W(2)2 ?W(2)3
?????????????????????
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4.5 ????
?????? LC-IBD???????????????? BER(bit error rate)?
??????????????????????? IEEE802.11ac???????
???BER???????????????????????????????
????
4.5.1 ???????BER????
?????LC-IBD?????MU-MIMO?????????????BD-QRD
?? [22]? IBD?? [23]???? IEEE802.11ac??????????BER??
??????
???????????? 4.6???????????????? 4.3????
??????????BD-QRD?? [22]?IBD?? [22]????? (Prop.)???
???????????? 6  [2; 2; 2] MU-MIMO??????????6[2,2,2]
? 3????MU-MIMO?????????Ntx = Nrx = 6?? Ntx;k = Nrx;k = 2?
??.
????MIMO?????????????????????LRA-MMSE??
????????????????Linear-MMSE????????????MIMO
??????????????BER?????????????????????
????MIMO???????Linear-MMSE?LRA-MMSE? 2???????
????????????
? 4.3?Linear-MMSE??????????? SNR? 20-35dB???????
????????????BD-QRD???IBD?????BER????????
?????????????????? LRA-MMSE????????????
?????????????????????????????????MIMO
????? Linear-MMSE?? LRA-MMSE?????????????????
?????????????????
4.5. ???? 59
? 4.6: ??????????
Simulator IEEE 802.11ac
????? 80MHz
FFT/IFFT??? 256
????????? 234
OFDM????? 4 us (0.8 us GI)
TX/RX???? Ntx = 6, Nrx = 6 (Ntx;k = Nrx;k = 2)
?????? 1000 [byte]
?? 80 MHz
???? 16-QAM, R = 3/4
??? TGac Channel model B??
???? BCC (Binary Convolutional Code)
15 20 25 30 35 40
10−4
10−3
10−2
10−1
100
SNR [dB]
B
ER
BER vs. SNR with Viterbi decoder
 
 
BD−QRD with Linear−MMSE
BD−QRD with LRA−MMSE
IBD with Linear−MMSE
IBD with LRA−MMSE
Prop. with Linear−MMSE
Prop. with LRA−MMSE
BD−QRD
IBD
Prop.
BD−QRD
IBD
Prop.
Linear−MMSE
LRA−MMSE
? 4.3: BER????
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4.5.2 ????????????
????MU-MIMO????????????? BD-QRD?? [22]? IBD?
? [23]??? LC-IBD??????????????????????? (4.8)?
??? Vnull????????? INrNc ? INrNr ???????????????
?????????????????CSI??????????????????
??????????????????????? (ADD/SUB)??? (multi-
pliers)?????????????6[2,2,2] MU-MIMO???????????
????????????????? 4.7????6[2,2,2]? 3??? (K = 3)?
MU-MIMO?????????Ntx = Nrx = 6?? Ntx;k = Nrx;k = 2???. ? 4.7?
???, step k (k=1,2,3)? k??????? CSI???????????????
??????????????????????
? 4.7? Step 1?????BD-QRD???????????????????
? K   1????? CSI????????????????????IBD???
Step 1?????1???????CSI?????????????Vbasis1 ???
?QR???????????????? (Algorithm2)??? IBD??? Step 1?
???????ADD/SUB? 940?Multiplier? 861?????????????
? 1?????????CSI???????????Vbasis1 ??????????
??Vnull1 ????????????? (? (4.8))???????????????
??????????
? 4.7? Step 2?????BD-QRD???????????????????
? K   1????? CSI?????????Vbasis1 ,Vbasis2 ????? 3?????
????????????W3????????BD-QRD??? Step 2????
????ADD/SUB? 940?Multiplier? 861????IBD??? Step 2?????
2???????CSI?????????????Vbasis2 ????? Step 1???
???????????????????? IBD??? Step 2????????
ADD/SUB? 1544?Multiplier? 1501?????????????? 2?????
????CSI???????????Vbasis2 ????????????Vnull2 ???
???????????IBD????????????????????????
? 4.7? Step 3?????BD-QRD???????????????????
???????CSI????????????????????????W1;W2
????????BD-QRD??? Step 3???????? Step 2? 2? (K   1?)
????IBD??? Step 3?????3???????CSI??????????
??? Vbasis3 ????? Step 1? Step 2??????????????????
????? IBD??? Step 3???????? ADD/SUB? 1208?Multiplier?
1280?????????????? IBD???????????
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? 4.7: 6[2,2,2] MU-MIMO???????????
Precoding Method Calculation Step 1 Step 2 Step 3 Total
BD-QRD [22] ADD/SUB 0 940 1880 2820
Multiplier 0 861 1722 2583
IBD [23] ADD/SUB 940 1544 1208 3692
Multiplier 861 1501 1280 3642
Proposed LC-IBD ADD/SUB 0 604 1208 1812
Multiplier 0 640 1280 1920
? 4.7????? LC-IBD????????? IBD?????? [23]????
????????????????? 50.92 %? 47.28 %???????????
??????????BD-QRD?????? [22]? Step 3??????????
????????????? 35.74 %? 25.67 %???????
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? 4.8: 8[2,2,2,2] MU-MIMO???????????
Precoding Method Calculation Step 1 Step 2 Step 3 Step 4 Total
BD-QRD [22] ADD/SUB 0 0 2310 6930 9240
Multiplier 0 0 2045 6135 8180
IBD [23] ADD/SUB 2310 4316 4736 2172 13534
Multiplier 2045 4061 4800 2304 13210
Proposed LC-IBD ADD/SUB 0 2006 4736 2172 8914
Multiplier 0 2016 4800 2304 9120
?? 8[2,2,2,2] MU-MIMO???????????????????????
????? 4.8????8[2,2,2,2]? 4??? (K = 4)?MU-MIMO??????
???Ntx = Nrx = 8?? Ntx;k = Nrx;k = 2???. ? 4.8????, step k (k=1,2,3,4)
? k??????? CSI?????????????????????????
????????????
? 4.8???BD-QRD???????????????????? K   1??
??? CSI???? Step 3??????????Step 4????? Step 3? 3?
(K   1?)????IBD??? k???????CSI?????????????
?? Vbasisk ??????? Step??????????????????????
????????? Step 1? 2???? CSI????????????????
?????Vnull1 ;Vnull2 ?????????????????
? 4.8????? LC-IBD????????? IBD?????? [23]????
????????????????? 34.14 %? 30.96 %???????????
??????????BD-QRD?????? [22]? Step 4??????????
????????????? 68.66 %? 62.45 %???????
????????BD-QRD??????????????? Step K?????
??????K = 4?? IBD???????? 3???????????????
?????????????????????????IBD?????????
????????????????????????????? Step 1? 2??
??CSI?????????????????????Vnull1 ;Vnull2 ???????
???????????????
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4.6 ???
???????? IEEE802.11ac?????????????????? CSI
?????????????????MU-MIMO??????????????
??????????????????????????????????? IBD
??????????????????CSI?????????????????
??????????????????CSI?????????????????
?????????????????
????????????????? 802.11ac???????? CSI????
???????????????????????? IBD?????? [23]??
???????????????????? 50.92 %? 47.28 %????????
????????????????? BD-QRD?????? [22]?????CSI
???????????????????????????????? 35.74 %?
25.67 %???????
????????????????????????????BER?????
??????????? BER??????????????????
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?5? ?????????ASIP??
??????????
5.1 ????
??????????????????????? (AISC: application specific
integrated circuit)??? ASIC?????????????? (ASIP: application
specific instruction-set processor)??? ASIP?????????? (GPP: general
purpose processor)???GPP?? (????????)????
??????????????? s????????????????????
GPP???????????????????????ASIC?????????
???????????????????????? ASIC?????????
????????????????????????????????????
ASIC??????? (???)??????????????ASIC??????
??????????????????
GPP?ASIC???????????ASIP??????ASIP???????
??????ASIP??????????????????????????ASIC
???????????????????GPP?????? (programmability)?
??????????????????ASIP???????????????
???? [30]?????????????????? (verilog)?????ASIP
??????????????????LRA-MMSE?????? [30]?????
ASIP??????????????????????ASIP?????????
???????ASIP????????????????
?????????? [30]????? ASIP???????????????
?????????????????ASIP?????????????????
????????ASIP???????IEEE802.11ac???????CSI(channel
state information)?????????????????????????????
?????????????????
5.2. ASIP?? 65
5.2 ASIP??
??????ASIP???????????????????????? (verilog)
?????????ASIP??????? 5.1??????ASIP???????
(Data memory)?????? (Instruction memory)??????? (Controller)???
?? (processing unit)????????
??????????? 5.2???????????????? (FPU: floating
point unit)? IEEE 754 [24]??????32bit???????????1?????
????????????????????????????????????8?
?????????????????????????????????????
??????????????????????????”FDIV”, ”FQRT”, ”FRND”
?????????????????????fYA,YBg?fYC,YDg?fYDIVr,YDIVig?
fYSQRTg?fYRNDg???????
??????????????? 5.3 (a)?(b)??????????????
????????????????????????????????????
??????????? 64bit?????????????????? 32bit??
???? 32bit? IEEE754???????????????????? 5.3 (b)??
?ASIP [30]????????????????????????? 3?????
? (C ADDR, B ADDR, A ADDR)?????? (OP: operation type)??????
??????????????A ADDR?B ADDR?????????????
???????A?B???????????????????????????
? C? C ADDR?????????????????????
??ASIP??????????????ASIP???? 5.3 (a)???????
????ASIP??????????????? 5.3 (c)????????????
3?????? (C ADDR, B ADDR, A ADDR)?????? (OP: operation type)?
?????????????????Rep (5bit)???????????????
????? A ADDR?B ADDR???????????????????? A?
B????????????????????????????C?C ADDR?
????????????????????
????ASIP?????????????????????? 5.3 (c)????
?ASIP??????????OP? 5 bit??????? 32?????????
???????ASIP??????????? 5.1????? 5.1???????
ASIP?????????A, B??? (A+B)?????????????A, B?
?? (AB)?????????????A, B??? (AB)?????????
??? 27? (OP? 0?? 26??)????????????????reserve??
??????????????????? 5????????????????
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Controller
Processing Unit
Instruction
Memory
Data
Memory
(A/B/C)_ADDR, C
A, B
A, B, OPC
(A/B/C)_ADDR, OP
? 5.1: ASIP??
FPU1 FPU2 FPU3 FPU4
FPU5 FPU6
FPU7
Ar, Ai 
Br, Bi
FPU8
Acci, 
Accr
Ar Br Ai Bi Ar Bi Ai Br
YA
YC
YB
YD
register
FDIVi
Ar Br
YDIVi
FDIVr
Ar Br
YDIVr
YSQRT
FSQRT
Ar
YRND
FRND
A
A = {Ar, Ai}
B = {Br, Bi}
? 5.2: ???? (Processing Unit)?????
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IEEE754 – 32bit Floating-Point Data for Real data 32bit Floating-Point Data for Imaginary data
Total 64bit Floating-Point Complex Data
sign exponential fraction sign exponential fraction
(a) Data format
b63 b62 b55 b0b31 b23 b22b30b32b54
MSB LSB
11 bit 11 bit 5 bit11 bit
C_ADDR B_ADDR A_ADDR OP
(b) Conventional ASIP Instruction format
C_ADDR B_ADDR A_ADDR OP
(c) Proposed ASIP Instruction format
5 bit
Rep
? 5.3: ????????????????
? 5.1: ?????
OP ???? OP ????
0 ???? 16 ??????? (????)
1 ???? 17 ??????? (????)
2 ???? 18 ????????? (????)
3 ???? 19 ????????? (????)
4 ?????? 20 ?????
5 ?????? 21 ??????
6 ?????? 22 ??????
7 ?????? 23 ??????
8 ???? 24 ??/???????
9 ??? 25 ?????/????
10 ??? 2? 26 ???? (????)
11 ??? 2??? 27 reserve
12 ??????? 28 reserve
13 ????????? 29 reserve
14 ???? 30 reserve
15 ??? 31 reserve
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5.3 ??????????????????
???????????????????????ASIP [30]???ASIP??
????????? 5.4????? 5.4?????OP(k)? k?????????
????????A(k)?B(k)?C(k)? k??????????????????
A ADDR, B ADDR,?????????? C ADDR????????
??? Np????Hk(1  k  Np)????ASIP????HHk Hk??????
?????????
Hk =
266664 h11;k h12;kh21;k h22;k
377775 (5.1)
HHk Hk =
266664 hH11;kh11;k + hH21;kh21;k hH11;kh12;k + hH21;kh22;khH12;kh11;k + hH22;kh21;k hH12;kh12;k + hH22;kh22;k
377775 (5.2)
? 5.4 (a)???????????????????????Np???????
????????? hH11;kh11;k???????????????????????
??????????????
?????Hk(1  k  Np)???????????????????????
?????Np?????????????????Hk?? (?????????
??)??????????????????????????????????
ASIP [30]?? 5.4 (b)??????????????? (1  k  Np)??????
?????????????????????????????
? 5.4 (b)?????ASIP [30]???????????????? 5.1????
?????? k??????????????????????????????
?????????????? k???????????????A(k)?B(k)?
????????????????????????????????????
????OP(k)?????A(k), B(k)????????????????????
??????????????????????????????A(k)+offset, : : :
, A(k)+(Np-1)offset? B(k)+offset, : : : , B(k)+(Np-1)offset???????????
????????????????????????????????????
??????????????????? (offset)??????????????
??????????????1???????? Np????????????
??????????????????????????
????ASIP??????????????????? (5.2)????????
?? 8??????? 2??????? 2????????Hk????HHk Hk?
???????????ASIP???? 12???????????????HHk Hk
????????????ASIP??????????????????????
?????????????? (?????????? 8?)?????????
????????????????
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?? ASIP????????????????????? 5.4 (b)??????
??????? 5.4 (c)??????????????? 5.3 (b)????????
??????????? 5.3 (c)?????????????????
?????????Rep??????????????????? (?????
?????)???????????? k?????????Rep??? 3???
????????k?? (k+2)????????????????????????
??????ASIP????????? k????????????? Np???
??????????????????????? k + 1???????????
?????? Np?????????????????????????Rep??
? 1????????
??ASIP [30]????????????????????????? (???
??????? 8?)?????? 5.4 (b)???? 1?????????????
??????????????????????????????ASIP????
??? (?????????? 8?)???? Rep??????????????
????? 5.4 (c)????????????????????????????
ASIP???ASIP [30]??????????????????
B(1)
A(1)
C(1)
B(2)
A(2)
C(2)
B(1)
A(1)
C(1)
B(1)+
offset
A(1)+
offset
C(1)+
offset
B(1)+
(N
p
-1)*offset
A(1)+
(N
p
-1)*offset
C(1)+
(N
p
-1)*offset
B(1)
A(1)
C(1)
C(1)+
(N
p
-1)*offset
OP(1) OP(2)
OP(1)
B(2)
A(2)
B(2)+
offset
A(2)+
offset
OP(2)
OP(1)
B(2)
A(2)
C(2)
OP(2)
B(3)
A(3)
C(3)
OP(3)
Rep
(1)
Rep
(2)
Rep
(3)
B(N
p
)
A(N
p
)
C(N
p
)
OP(N
p
)
B(2)+
(N
p
-1)*offset
A(2)+
(N
p
-1)*offset
B(1)+
(N
p
-1)*offset
A(1)+
(N
p
-1)*offset
C(2)+
(N
p
-1)*offset
C(3)+
(N
p
-1)*offset
B(3)+
(N
p
-1)*offset
A(3)+
(N
p
-1)*offset
C(2)
C(2)+
offset
C(2)+
(N
p
-1)*offset
(a) Conventional w/o PIPE Line
(b) Conventional w/ Matrix operation PIPE Line
(c) Proposed w/ Matrix operation PIPE Line and Instruction PIPE Line
…
…
…
…
…
…
B(2)+
(N
p
-1)*offset
A(2)+
(N
p
-1)*offset
…
…
…
…
…
Same calculations will be finished 
for shorter calculation period.
Same calculations will be finished 
for shorter calculation period.
Processing time
input
output
Fetching the Instruction
Processing time
Rep(1) = 2
Rep(2) = 1
Rep(3) = 1
OP(1) = OP(2) OP(2)       OP(3)
Result
? 5.4: ????????
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5.4 IEEE802.11ac??????????????
5.4.1 ???????????????
????? 4 [2; 2] MU-MIMO??LAN????CSI???????????
???????? CSI??????????????????ASIP??????
?? LAN???? IEEE802.11ac????? 4  [2; 2] MU-MIMO???????
???? 5.2???????????????FEC (forward error correction)?BCC
(binary convolutional code)?BD (block diagonalization)?QAM (quadrature amplitude
modulation)?GI (guard interval)?Comp. V FB (compressed V feedback)?N/A (not
applicable)?????
?????????? 240[MHz]?MCS? 0-9????????????? (SU?
single user)???????? 866[Mbps]??????? (MU?multi user)????
???? 1733[Mbps]??? (??????)??????????????? 1?
????????????????????????????????????
???????????? 2???????????????????????
???? 2?? 1733[Mbps]????????????????? IEEE 802.11ac
???????????????IEEE 802.11n? 11a????????
? 4.5??,???????Downlink?? PHY Header????????? 52s
(MU-MIMO?NS TS ;total = 4)?Uplink? PHY Header????????? 44s (SU-
MIMO?NS TS ;total = 2)???????? 5.5?5.6???????????????
??????????????
? 5.2: ??????
Precoding Method 802.11ac Mandatory Implemented
Tx/Rx Antennas 11 4[2,2]
No. of users 1 2
Max data rate of user 325 Mbps 866Mbps
FEC type BCC BCC
MU-MIMO Precoding N/A Proposed LC-IBD
CSI feedback N/A Compressed feedback
Maximum Modulation 64-QAM 256-QAM
Guard Interval (GI) Normal GI Normal/Short GI
Bandwidth 20/40/80 MHz 20/40/80 MHz
No. of data sub-carriers Nsd 52/108/234 52/108/234
Compatibility 802.11a/n/ac 802.11a/n/ac
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? 5.5: ??????????????
? 5.6: ??????????????
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5.4.2 ??????????
????ASIP??????????????????????ASIP?????
???????????? (SVD: singular value decomposition)?CSI(channel state
information)????????????????????????????????
???4??????Algorithm 3?????CSI???????? IEEE802.11ac?
????????????????????????????????? IEEE802.11
ac???????????????????????????
???????????????????????? QR?????????
QR? [31]????QR?????????????????????????QR
????????????????????????? 4  [2; 2]MU-MIMO??
?????????????????????????????
?????????? 2  Ntx?????H?????????
H =
266664 h1;1 h1;2    h1;Ntxh2;1 h2;2    h2;Ntx
377775 (5.3)
???????H????????????
R = HHH =
266664 a b
c d
377775 = 266664 a bb d
377775 (5.4)
????2  2??R???? a; b; c; d???????? c???? b?????
?????? (c = b)?
??R???? ??jR   Ij = 0???????????????? (???
??)????????R? 2????? ??????
jR   Ij =
 a    bb d   

= (a   )(d   )   bb
= 2   (a + d) + (ad   bb) (5.5)
 =
(a + d)  p(a + d)2   4(ad   bb)
2
(5.6)
??????R?2??????????1 = ((a+d)+
p
(a + d)2   4(ad   bb))=2?
2 = ((a + d)  
p
(a + d)2   4(ad   bb))=2??????? 1; 2????????
??????? u1; u2??????????
U =
h
u1 u2
i
=
266664 1   d 2   db b
377775 
2666666664
1p
(1 d)2+bb
0
0 1p
(1 d)2+bb
3777777775 (5.7)
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?????????? u1;u2?????????????? U??????? 
?????????? ??????????
 =
266664 1 00 2
377775 = 266664 p1 00 p2
377775 (5.8)
????????U???????H?? Ntx  2??V????????
V = HHU 1 (5.9)
??????????????????????????? 2  Ntx?????
H???????????????????????????????????
???? Ntx???????????k????????????? Nrx;k? 2??
????????????k????????????? Nrx;k? 3??????
??????????QR? [31]?????????????
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5.5 ASIP????
 ASIP????
?? ASIP [30]??? ASIP???? 1.32 V?? 90 nm CMOS (complementary
metal oxide semiconductor)?????????????????????????
?????????????? 400 MHz (2.5 ns clock period)?????????
???? 5.3??????ASIP?? 5.4 (b)???MOP (matrix operation pipe-line)
???????????????????? ASIP?? 5.4 (c)???MOP? IP
(instruction pipe-line)???????????????
????????????ASIP?????????????????????
????????????ASIP????? 32 Kgates?????????? 0.32
Kbaytes???????????ASIP?????????? 13%???????
???? 14.7%????????
? 5.3: ????
ASIP Structure Conventional Proposed
Clock Frequency [MHz] 400 400
Gate count [KGates] 246 278
Instruction memory [Kbytes] 2.18 2.50
Data memory [Kbytes] 8 8
 STA??????? : SVD? CSI????
? 4.1???STA1?CSI???????????????NDP(null data packet)
?????????? SIFS(short inter frame space, 5GHz??? SIFS = 16us)??
?????????????????CSI??????????????? (STA
1)?????????????????
4 [2; 2] MU-MIMO?????? k???????????????Hk???
????CSI???????? 45 bit?k = [11; 12; 13; 22; 23](? 9 bit)?35 bit
?	k = [ 11;  12;  13;  23;  24](? 7 bit)????????????????? 1?
?????????????? Ncsi = 80 bit?????????????????
?????? Ncsi  Nsd????????Nsd???????????????
?????????????? CSI??? (Ncsi  Nsd)? AP????????
?????MCS (modulation and coding rate)????????? Nss????CSI
??????????????????????802.11ac???????????
????????MCS? 0??? (BPSK??????????R = 1=2)????
??????? Nss = 1????????????????CSI??? (Ncsi  Nsd)
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? 5.4: 4[2, 2] MU-MIMO??????STA?????????????Treq=Nsd
????????CSI????????ASIP????????????? w/ 13
?????? (Np=13)
Required calculation throughput 20 MHz 40 MHz 80 MHz
Treq=Nsd [s/matrix]
MCS 0 (BPSK Nbpsc = 1 and R = 1=2) 13.3846 6.4444 2.9744
MCS 1 (QPSK Nbpsc = 2 and R = 1=2) 7.2308 3.4815 1.6068
MCS 2 (QPSK Nbpsc = 2 and R = 3=4) 5.1795 2.4938 1.1510
MCS 3 (16QAM Nbpsc = 4 and R = 1=2) 4.1538 2 0.9231
MCS 4 (16QAM Nbpsc = 4 and R = 3=4) 3.1282 1.5062 0.6952
MCS 8 (256QAM Nbpsc = 8 and R = 3=4) 2.1026 1.0123 0.4672
MCS 9 (256QAM Nbpsc = 8 and R = 5=6) 2 0.9630 0.4444
Conventional w/ MOP [s/matrix] 1.3440
Proposed w/ MOP and IP [s/matrix] 0.9523
? (Ncsi=R Nsd)=(Nss Nsd Nbpsc) Tsym = 640 us????????????Nbpsc?
??????????? bit? (BPSK??? Nbpsc = 1), Tsym?OFDM (orthogonal
frequency division multiplexing)??????? (Normal GI??? Tsym = 4 us)?
???????
?????CSI??????????????? (STA 1)?????? SIFS(16
us) + PHY?????? (? 4.5?? 40 us) +?????? (640 us) = 696 us???
???????????????????????CSI????????????
??????????ASIP???????????? Treq=Nsd [s/matrix]?MCS
? 0???????????????? CSI????????????????
Treq = Tsi f s + Tphy + (Ncsi=R  Nsd)=(Nss  Nsd  Nbpsc)  Tsym
= 16 + 40 + (80=R  Nsd)=(1  Nsd  Nbpsc)  4 (5.10)
??? Tsi f s? SIFS???Tphy? PHY??????????????
? 5.4??MCS??? ASIP???????????? Treq=Nsd ??????
??CSI??????????ASIP????????????????????
ASIP? 0.9523 [s/matrix]? 1????????????????CSI?????
??????????????????????????MCS? 0??????
?????????????????????????????????????
?ASIP?? 20MHz????MCS? 9?40MHz????MCS? 9?80MHz??
??MCS? 2????????????????
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 AP??????? : CSI??
4x[2,2] MU-MIMO???????MU-MIMO?????????? 5.7 (b)?
????????????2??????? compressed CSI??????????
??????AP????????MU-MIMO???????????????
??????????????????????????????? 44 s (SIFS
16 s + Legacy Preamble 20 s + VHT-SIG A 8 s)??????? DL-MU-MIMO
???CSI????????????? SIFS????????????????
???????????? 44 s????????
? 5.5???ASIP??? CSI???????????ASIP????????
????????CSI????????????????? 20MHz? 18.960[s]?
40MHz? 42.660[s]?80MHz? 85.320 [s]????????20? 40MHz???
???? ASIP???????? AP?MU-MIMO??? CSI????????
SIFS??????????????ASIP?? 20MHz?????CSI??????
?? SIFS???MU-MIMO?????????????????? CSI???
????? SIFS???MU-MIMO???????????????AP????
???????????? (???????)??????MU-MIMO?????
?????????????????80MHz??????ASIP???ASIP??
?? 26.10 s????????????????
SVD
CSI compression
CSI
decompression
MU-MIMO
Precoding
SVD
CSI compression
CSI
decompression
STA side
STA side
AP side
AP side
CSI feedback
(a) Conventional method 
(b) Proposed LC-IBD method w/ 4x[2, 2] MU-MIMO 
eq. (4.2)
NS (V
k
)
eq. (4.8)
[ ]
[ ]nullnull
12
)1(
2
)1(
1
VV
WWW
=
=
[ ]nullnull
21
QQW =
nullnull
21
VV
21
VV
? 5.7: MU-MIMO???????????
? 5.5: 4[2, 2] MU-MIMO??????AP??? CSI???? (MU-Precoding)
?ASIP?????? (??????) w/ 13?????? (Np=13)
ASIP Structure?? 20 MHz 40 MHz 80 MHz
Conventional w/ MOP [s] 24.760 55.710 111.42
Proposed w/ MOP and IP [s] 18.960 42.660 85.320
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5.6 ???
?????????????ASIP????????????ASIP?????
??????????ASIP?????????????
??????CSI??????????ASIP???????????????
???????ASIP? 0.9523 [s/matrix]? 1????????????????
CSI???????????????????????????????MCS?
0????????????????????????????????????
????????ASIP?? 20MHz????MCS? 9?40MHz????MCS?
9?80MHz????MCS? 2????????????????
CSI???????ASIP??????????????????????ASIP
????????????????CSI????????? 20MHz? 18.960[s]?
40MHz? 42.660[s]?80MHz? 85.320 [s]??????????20? 40MHz?
??????ASIP????????AP?MU-MIMO???CSI???????
? SIFS?????????????? ASIP?? 20MHz????? CSI???
????? SIFS???MU-MIMO ????????????????????
ASIP??AP???????????????? (???????)??????
MU-MIMO???????????????????80MHz?????? ASIP
???ASIP???? 26.10 s????????????????
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?6? ??
??????? LAN???????? 802.11ac??????MIMO????
?????????MIMO?????MU-MIMO?????????????
????????????????????????????????????
???
? 2?????????MIMO?????????????????MIMO?
?????LRA-MMSE?MLD???????????????????????
MIMO??????????MIMO????????????????????
???????????????MU-MIMO????????????????
??????????????BD-QRD??? IBD?????????????
???????????? CSI??????????????????????
????????????????????????
? 3??????MIMO????????????????????????
? N??????????????????????????????MIMO?
????????????????????????????? (Prop. Ng=4 N=5)
?BER? PER??????????????????????????????
????? 2 [15]???????????????????????PER? 10 2
???????? (Prop G=2 N=5)???????????? 2 [15]???? 1.5
dB? SNR????????????????????????????????
???? 1 [12]??????????????MIMO????????????
????88 MIMO???????? (Prop. Ng=4 N=5)?????????MLD
???? 88 QRD-MLD??????????? 1 [12]? 1.56 %?14.29 %???
????????????????? (Prop G=2 N=5)????????????
????????????????????MIMO??????????????
? 4??????? IEEE802.11ac?????????????????? CSI
?????????????????MU-MIMO??????????????
??????????????????????????????????? IBD
??????????????????CSI????????????????
???????????????????CSI???????????????
????????????????????????????????????
802.11ac???????? CSI??????????????????????
?????? IBD?????? [23]????????????????????
? 6? ?? 79
?? 50.92 %? 47.28 %?????????????????????????
BD-QRD?????? [22]?????CSI?????????????????
??????????????? 35.74 %? 25.67 %????????????
???????????????????????BER???????????
????? BER??????????????????
? 5?????????????ASIP????????????ASIP???
????????????ASIP???????????????????CSI?
?????????ASIP??????????????????????ASIP
? 0.9523 [s/matrix]? 1???????????????? CSI???????
????????????????????????MCS? 0????????
????????????????????????????????????
ASIP?? 20MHz????MCS? 9?40MHz????MCS? 9?80MHz???
?MCS? 2????????????????CSI???????ASIP???
???????????????????ASIP???????????????
?CSI????????? 20MHz? 18.960[s]?40MHz? 42.660[s]?80MHz?
85.320 [s]??????????20? 40MHz???????ASIP??????
??AP?MU-MIMO???CSI???????? SIFS????????????
?? ASIP?? 20MHz????? CSI???????? SIFS???MU-MIMO
????????????????????ASIP??AP??????????
?????? (???????)??????MU-MIMO???????????
????????80MHz??????ASIP???ASIP???? 26.10 s???
?????????????
????????????????????MIMO????????????
????????????????????????????????????
?????????????WLAN????? 802.11ax????? (dense)??
????????????????????????????BER??? PER?
????????????????????????????????????
????????????????????????????????????
???????????????????????
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??A Appendix
?????IEEE802.11ac???? 4  2?? V??????????????
4  2??V?????????????vli???V? l? i?????????
???????v(n)li ? n???????????????????????? n = 0
????
V =
266666666666666664
v11 v12
v21 v22
v31 v32
v41 v42
377777777777777775 =
266666666666666664
v
(0)
11 v
(0)
12
v
(0)
21 v
(0)
22
v
(0)
31 v
(0)
32
v
(0)
41 v
(0)
42
377777777777777775 (A.1)
IEEE802.11ac????????V????????????????????
??????????????? Dpre?????????
Dpre =
26666666664
v
(0)
41
jv(0)41 j
0
0 v
(0)
42
jv(0)42 j
37777777775 (A.2)
?????Dpre???V???????????????????V????
???????????
VDHpre =
266666666666666664
v
(1)
11 v
(1)
12
v
(1)
21 v
(1)
22
v
(1)
31 v
(1)
32
v
(1)
41 v
(1)
42
377777777777777775 =
266666666666666664
v
(1)
11 v
(1)
12
v
(1)
21 v
(1)
22
v
(1)
31 v
(1)
32
jv(0)41 j jv(0)42 j
377777777777777775 (A.3)
???????VDHpre??????????????????????????
?????? li????????????VDHpre? 1????????????
?? D1??????
D1 =
266666666666666664
exp( j11) 0 0 0
0 exp( j21) 0 0
0 0 exp( j31) 0
0 0 0 1
377777777777777775 =
26666666666666666666666664
v
(1)
11
jv(1)11 j
0 0 0
0 v
(1)
21
jv(1)21 j
0 0
0 0 v
(1)
31
jv(1)31 j
0
0 0 0 1
37777777777777777777777775
(A.4)
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????? D1???VDHpre????????????????????VDHpre
? 1??????????
DH1 VDHpre =
266666666666666664
v
(2)
11 v
(2)
12
v
(2)
21 v
(2)
22
v
(2)
31 v
(2)
32
v
(2)
41 v
(2)
42
377777777777777775 =
266666666666666664
jv(1)11 j v(2)12
jv(1)21 j v(2)22
jv(1)31 j v(2)32
jv(0)41 j jv(0)42 j
377777777777777775 (A.5)
??????????? DH1 VDHpre? 1??? 2??????????????
?G21?????????
cos 21 =
jv(1)11 jq
jv(1)11 j2 + jv(1)21 j2
; sin 21 =
jv(1)21 jq
jv(1)11 j2 + jv(1)21 j2
(A.6)
G21 =
266666666666666664
cos 21 sin 21 0 0
  sin 21 cos 21 0 0
0 0 1 0
0 0 0 1
377777777777777775 (A.7)
???????????G21??? DH1 VDHpre???????????????
DH1 VDHpre? 2? 1???????? 0??????????
G21DH1 VDHpre =
266666666666666664
v
(3)
11 v
(3)
12
v
(3)
21 v
(3)
22
v
(3)
31 v
(3)
32
v
(3)
41 v
(3)
42
377777777777777775 =
26666666666666666664
q
jv(1)11 j2 + jv(1)21 j2 v(3)12
0 v(3)22
jv(1)31 j v(2)32
jv(0)41 j jv(0)42 j
37777777777777777775 (A.8)
???????????G31??????????G21DH1 VDHpre???????
????????G21DH1 VDHpre? 3? 1???????? 0??????????
cos 31 =
q
jv(1)11 j2 + jv(1)21 j2q
jv(1)11 j2 + jv(1)21 j2 + jv(1)31 j2
; sin 31 =
jv(1)31 jq
jv(1)11 j2 + jv(1)21 j2 + jv(1)31 j2
(A.9)
G31 =
266666666666666664
cos 31 0 sin 31 0
0 1 0 0
  sin 31 0 cos 31 0
0 0 0 1
377777777777777775 (A.10)
G31G21DH1 VDHpre =
266666666666666664
v
(4)
11 v
(4)
12
v
(4)
21 v
(4)
22
v
(4)
31 v
(4)
32
v
(4)
41 v
(4)
42
377777777777777775 =
26666666666666666664
q
jv(1)11 j2 + jv(1)21 j2 + jv(1)31 j2 v(4)12
0 v(3)22
0 v(4)32
jv(0)41 j jv(0)42 j
37777777777777777775 (A.11)
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???????????G41??????????G31G21DH1 VDHpre?????
??????????G31G21DH1 VDHpre? 4? 1???????? 0??????
????
cos 41 =
q
jv(1)11 j2 + jv(1)21 j2 + jv(1)31 j2q
jv(1)11 j2 + jv(1)21 j2 + jv(1)31 j2 + jv(0)41 j2
=
q
jv(1)11 j2 + jv(1)21 j2 + jv(1)31 j2;
sin 41 =
jv(0)41 jq
jv(1)11 j2 + jv(1)21 j2 + jv(1)31 j2 + jv(0)41 j2
= jv(0)41 j (A.12)
G41 =
266666666666666664
cos 41 0 0 sin 41
0 1 0 0
0 0 1 0
  sin 41 0 0 cos 41
377777777777777775 (A.13)
G41G31G21DH1 VDHpre =
266666666666666664
v
(5)
11 v
(5)
12
v
(5)
21 v
(5)
22
v
(5)
31 v
(5)
32
v
(5)
41 v
(5)
42
377777777777777775 =
266666666666666664
1 0
0 v(3)22
0 v(4)32
0 v(5)42
377777777777777775 (A.14)
?? VDHpre ????????? (D1, G21, G31, G41)????????? VDHpre
? 1??????????????????? VDHpre? 1??????????
11; 21; 31?????  21;  31;  41?????????????????? v(5)12 ?
0???????????????G41G31G21DH1 VDHpre? 1???????? v(5)1 ?
2???????? v(5)2 ??????????? v(5)1 ?v(5)2 ??????????
v(5)H1 v
(5)
2 = 0?????????v(5)1 ??????? (??????) v(5)1 = [1; 0; 0; 0]T
??????????? v(5)1 ?????????? v(5)2 ? v(5)2 = [0; v(5)22 ; v(5)32 ; v(5)42 ]T ?
?????????????? v(5)1 ??? v(5)12 ? 0????
?????G41G31G21DH1 VDHpre? 2??????????? D2???????
??G32, G42? 1???????????????? VDHpre?????????
????????
G42G32DH2 G41G31G21DH1 VDHpre =
266666666666666664
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1 0
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0 0
0 0
377777777777777775 (A.15)
???????VDHpre??????????????????????????
??????????? ;  ???????????????????????
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?????V???????VDHpre????????????????????
? DHpre?????????????????????????????????
????????????????????????????????????
?V???VDHpre????????????????????????????
????????????V???VDHpre????????????
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